It is increasingly recognized that metadata can significantly improve the quality of scientific analyses and that the availability of metadata is particularly important for the study of climate variability. The International Comprehensive Ocean-Atmosphere Data Set (ICOADS) contains in situ observations frequently used in climate studies, and this paper describes the ship metadata that are available to complement ICOADS. This paper highlights the metadata available in World Meteorological Organization Publication No. 47 that include information on measurement methods and observation heights. Changing measurement methods and heights are known to be a cause of spurious change in the climate record. Here the authors focus on identifying measurement heights for air temperature and wind speed and also give information on SST measurement depths.
Introduction
The International Comprehensive Ocean-Atmosphere Data Set (ICOADS; Woodruff et al. 1998; Parker et al. 2004; Worley et al. 2005 ) is a compilation of surface meteorological observations from Voluntary Observing Ships (VOS), buoys, and other in situ Ocean Data Acquisition Systems (ODAS). In this study we have used only reports from VOS made between 1970 and 2004. The accuracy of individual VOS observations is not consistently high, but they remain an important source of information over the ocean. In particular, VOS reports provide information on surface air temperature, near-surface humidity, and pressure that cannot be reliably measured from satellites. Additionally, ICOADS reports can provide collocated observations of all the variables required to calculate surface fluxes of heat and momentum. Importantly, they form a long-term data source giving information stretching back over 200 yr . Obviously, the data quality will vary dramatically over this long period, and biases and random errors in the data need to be assessed so consistent estimates of long-term climate variability and change can be made. Metadata are key to understanding many possible data biases in ICOADS and estimating random errors. However, some inhomogeneities must be addressed indirectly (e.g., Peterson and Hasse 1987) , because the relevant historical metadata may no longer exist.
For the modern period, it has been shown that use of metadata is vital if we are to identify artificial trends in ICOADS due to changing ship size (Cardone et al. 1990; Rayner et al. 2003 ) and measurement methods (Kent et al. 1993a; Taylor 1997, 2006; Kent and Kaplan 2006) . Cardone et al. (1990) used a limited amount of World Meteorological Organization (WMO) Publication No. 47 (mainly WMO 1976) anemometer height metadata in a study that showed that it was necessary to account for observing method to remove spurious trends in marine wind speeds. Rayner et al. (2003) applied time-and space-varying measurement height adjustments, based on Publication No. 47 for a recent period, to ICOADS air temperature measurements. These adjustments were shown to improve the agreement between air temperature and sea surface temperature (SST) anomalies. Kent et al. (1993a) analyzed a subset of North Atlantic observations in the period 1988-90. They showed that there were significant differences between humidities measured using screens and those using psychrometers; and between SST measured using engine room intakes, buckets, and hull sensors; and also that adjustment of the reported anemometer-measured winds for measurement height improved the agreement between the observations and collocated numerical weather prediction output. Kent and Taylor (1997) showed that adjustment of ship anemometermeasured wind speed observations for measurement height using Publication No. 47 improved the agreement between anemometer-measured and visually estimated monthly mean marine wind speeds in the North Atlantic. Kent and Taylor (2006) showed that there were significant differences between SST measurements made using buckets and using engine intakes, which Kent and Kaplan (2006) suggested could be related to heat loss in the bucket observations and to a time-varying bias in the engine-intake observations. Further, Kent and Berry (2005) showed that application of height adjustments based on Publication No. 47 metadata reduced the magnitude of random error estimates for ICOADS air temperatures by 6% and wind speeds by 13%.
In this paper we focus primarily on the metadata collected by the WMO in support of their VOS program (section 2a). A major motivation for this paper was to gather the documentation, which is largely unpublished and difficult to locate, necessary to use these Publication No. 47 metadata. Some additional metadata (section 2b) are also reported with the individual observations, including limited information on measurement methods, or recorded when the data are added to ICOADS, such as the (originally referring to punched cards) "deck" number. We have supplemented the Publication No. 47 and ICOADS metadata with some proprietary information from Lloyd's Register (1997) , giving primarily information on ship type and size (section 2c). In section 3 we describe how the Publication No. 47 metadata are merged with ICOADS, and in section 4 we present information on observation heights. Section 5 contains a summary, and the appendix includes links to sources of metadata, ICOADS data, and technical documentation.
Metadata sources a. WMO Publication No. 47 metadata
Since 1955 the WMO has collected information on the ships participating in the VOS program. These metadata, although collected for operational purposes, have proved an important resource for climate research (e.g., da Silva et al. 1994; Taylor 1997, 2006; Kent et al. 1998; Josey et al. 1999 Rayner et al. 2003 Rayner et al. 2006 (1963, 1966, and 1970) and supplements (1964, 1967, and two supplements in 1968) . The supplements contain additions, deletions, and changes to the last major edition or supplement. From 1998 onward, Pub. 47 metadata have been issued quarterly in digital format. The annual paper publication now only contains a subset of the information available, as extra fields are contained in digital files submitted by the participating countries. Metadata for the period 1955 -72 (WMO 1955 , 1956 , 1957 , 1958 , 1959 , 1960 , 1961 , 1962 , 1963 , 1964 , 1966 , 1967 , 1968a ,b, 1970 , 1971 , 1972 were recently digitized as part of the National Climatic Data Center (NCDC) Climate Database Modernization Program (CDMP) and are available both as images and in machine-readable form. All the full editions are available, but whether the supplements are complete is unclear. WMO (1964 WMO ( , 1967 WMO ( , 1968a are all supplements, but only WMO (1964) is available as issued. WMO (1968a,b) can be identified because a copy of WMO (1966) with the WMO (1967 WMO ( , 1968a supplements added and an additional copy of WMO (1966) with the WMO (1967, 1968a,b) supplements added are available. For a fuller record a further copy of WMO (1966) with only the WMO (1967) supplement added would be required but has not yet been identified. Other supplements (perhaps for 1965) may have been issued, but no copies have been identified. Pub. 47 was originally regarded as of purely operational use, so recipients were urged to keep up-todate by applying all supplements and keeping only current information. It is therefore remarkable that the Pub. 47 metadata are almost complete. Table 1 summarizes the metadata variables that are available from Pub. 47 since 1955. Table 2 gives more information about some of the fields and the categories All  All  2  2  2  2  Barometer model  bMS  2  2  Barometer height  brmH  2  2  2  Barometer location  brmL  2  2  Pressure units  brmU  2  2  Barometer calibration date  brmC  2  2  Thermometer type  Thrm  All  All  All  2  2  2  2  Thermometer model  thMS  2  2  Thermometer exposure  thmE  All  All  All  2  2  2  2  Thermometer location  thmL  2  2  Thermometer height  thmH  2  2  Temperature scale  Tscale  2  2  Hygrometer type  Hygr  All  All  All  All  2  2  2  2  Hygrometer exposure  hgrE  All  All  All  2  2  2  2  SST method  sstM  All  All  All  All  3  2  2  2  SST depth  sstD  2  2  2  Barograph type  Barg  All  All  All  All  2  2  2  2  Anemometer height  anHL  1  1  2  2  Anemometer height above deck  anHD  2  2  Anemometer location  anmL  2  2  Anemometer distance from bow  anDB  2  2  Anemometer distance from There is a column for information on "other instruments carried," which include, for example, screen thermometer, cup anemometer, maximum and minimum thermometer, sling thermometer, rain gauge, handheld anemometer, pilot balloon theodolite, sea thermometer, and sea thermograph. In 1956 fields for the type and exposure of the thermometer and the exposure of the hygrometer were added, along with information on ships' communications (see Table 2 for details). Additional instruments carried by the ship, and most other fields, were transitioned from free format to coded format. Revisions to the communications fields were made in 1957. In 1968 the height of the observing platform was added (reference level of mean water line) and in 1970 the height of the anemometer (reference level undefined). In 1995 several changes were introduced, and information on the ship type and dimensions was added, along with information on the barometer height and SST measurement depth. Unfortunately for continuity, the height of the measurement platform was dropped. The reference level for all instrument heights was redefined as the maximum load line. In 2002 major changes to the format occurred, with the addition of extra fields containing information about instrument makes, models, and locations (see Table 1 for more information JCOMM 2004) . These are also summarized in Table 1 but are yet to be finalized in consultation with the WMO Secretariat.
b. ICOADS metadata
Metadata reported with the ICOADS observations are more limited than Pub. 47 but more convenient to use, as the metadata are directly associated with individual observations rather than with the ships or platforms that made them. The originally reported (or ICOADS-defined) metadata include: the deck number, platform type, wind speed indicator (WI), SST measurement method indicator (SI), recruiting country code, the platform ID/call sign and its associated indicator (II), observation source, observation platform, and quality assurance trimming flags (Wolter 1997 ; see also Slutz et al. 1985 and Woodruff 2005) . ICOADS "observation platform" information ties into Pub. 47 since it indicates, among other possibilities, whether the ship was selected, supplementary, or auxiliary. The ICOADS "observation source" gives information on whether the report is from a logbook or the Global Telecommunication System (GTS). The ICOADS deck information ) has been shown to be an indicator of data quality, as have the country code and SI (Kent and Challenor 2006) . For wind speed measurements, it is desirable to identify using WI those reports that require height adjustment and those that require Beaufort scale adjustment (Kent and Taylor 1997; Thomas et al. 2005) .
Although the ICOADS metadata fields are conveniently associated with individual reports, some values 0: 1955, version 1: 1956-1994, version 2: 1995-2001, version 3: from 2002, version The fields for telecommunications equipment have varied over the years
can be missing, or may be unreliable, for individual reports or for data from particular sources or in particular periods. One example is the SI, which Kent and Taylor (2006) showed required supplementation with Pub. 47 metadata, particularly in the period before 1982. Similarly, problems and ambiguities are likely to exist in earlier wind speed indicators (e.g., Cardone et al. 1990 ), resulting from the way WI was historically coded in some sources: "blank" for estimated and "zero" for measured, with no allowance for a "missing" indicator. This problem has filtered down into some ambiguous or "unknown" WI values in ICOADS. Pub. 47 metadata could be used in the future to identify systematic problems with the ICOADS metadata, and possibly vice versa.
c. Lloyd's Register metadata
The freely available metadata have been supplemented with proprietary information purchased from Lloyd's Register of Shipping (Lloyd's Register 1997), which contains information on some ships back to 1764. Lloyd's metadata do not give any information about instruments but do give information on ship type and dimensions prior to 1995, when these fields were introduced into Pub. 47 (Table 1) . Although Lloyd's has digitally stored information on every ship in service since the 1970s we have difficulty matching the Lloyd's metadata, which are indexed by International Maritime Organization (IMO) number, to ICOADS, in which reports from a particular ship are identified using the platform ID. For ships in recent years this ID is usually the radio call sign (Fig. 1) , although different types of ship ID are used within ICOADS [e.g., national ship number or generic ID; see Woodruff (2005) for more information]. Lloyd's metadata include call sign as a current field but without historical information. The Lloyd's metadata have only been matched to ICOADS for the period when the current call sign is valid. This can be determined from the "flag of registry" information (which is stored by Lloyd's as a historical field), as the call sign changes when the country of registry changes. Lloyd's metadata do contain the ship name as a historical field, and it may, with some effort, in the future be possible to extend the matching using a combination of historical ship identification information in Pub. 47 (call sign and ship name), ICOADS (call sign or other ship identifier and sometimes ship name), and Lloyd's (ship name).
d. Additional historical metadata sources
Other sources we can appeal to for information on measurement methods and instrument types include 1977, 1995) . These sources (some of which extend back prior to the twentieth century) have not been used in the present study but will be a valuable source of information for periods when it is difficult to identify individual ships in ICOADS. In the 1950s and earlier most of the ship data are associated with national deck numbers ), so it may be possible to assign a likely measurement method to these reports based on surviving deck documentation and typical national practices. In addition to Lloyd's Register (1997) , other published metadata on ship dimensions may exist.
Combining metadata with ICOADS
The ship identifier common to both ICOADS and Pub. 47 is the call sign, which is used to match individual ship reports, identified within ICOADS via the platform ID, with the published metadata. Call sign information in ICOADS first appears in the 1960s (Fig.  1) , around when the GTS was being initiated, followed by steady increases in availability into the 1980s (when numbers of VOS observations begin to decline). Earlier data may contain other forms of platform ID (as discussed in section 2c), which are useful for tracking ships to identify mispositioned reports (Kent and Challenor 2006) but cannot directly be used to associate metadata with individual reports. Once call sign information is available, much of the ship data in ICOADS can be associated with the Pub. 47 metadata (Fig. 1) .
There is sometimes a delay between the ship being recruited and starting to make observations and the metadata being submitted by the recruiting country to the WMO and appearing in Pub. 47. It was therefore found necessary to check Pub. 47 for the succeeding year or quarter if no call sign match were found in the concurrent year or quarter. Figure 1 shows the number of reports matched to metadata from the year following the year of the report. The number of reports unmatched in the concurrent year increases toward the end of each year as more new ships are recruited, and the metadata become progressively more out of date. However, the availability, starting in 1998, of quarterly digital updates should help (possibly influencing the matching patterns shown in Fig. 1 starting in the late  1990s) . It should be possible in the future to improve both the ease of use of the metadata and their completeness by copying delayed metadata into the previous year. It will also be possible to backfill information from some fields. For example, in 1995 the ship length became available as a metadata field. This information could be inserted into previous metadata files, extending our knowledge of ships' characteristics further back in time. Figure 2 shows examples of the information available from combining the Pub. 47 metadata with ICOADS. The most common (known) method of air temperature measurement is to use a mercury thermometer exposed in either a screen or a sling psychrometer (Figs. 2a,b) . The thermometers are also exposed in ventilated screens, and in aspirated and whirling psychrometers (Fig. 2a) . Alcohol thermometers are sometimes used, and electric thermometers are becoming more common (Fig. 2b) . The same exposure methods are used for measuring the dewpoint temperature (Fig. 2c) , but the proportion using screens is smaller than for air temperature. Psychrometric methods are typically used (Fig. 2d) , but, again, electric sensors are becoming more common. Most pressure measurements are made using aneroid barometers, with digital aneroid barometers becoming more common over time (Fig. 2e) . In the 1970s a few reports were made using mercury barometers.
As noted in section 2b, Kent and Taylor (2006) showed that for SST measurement method the supplementation of SI with Pub. 47 metadata enabled many more SST reports to be assigned a measurement method. Figure 2f shows the measurement method information using the ICOADS SI flag when available, or the Pub. 47 metadata in the absence of useful SI flag information. Bucket and engine-intake temperatures are the most common methods identified over the period 1970-2004. Hull sensors are becoming more common and outnumber bucket observations by the end of the period. Figure 2g shows the source of the SST metadata shown in Fig. 2f ; the proportion of metadata derived from the ICOADS SI flag increases over time, and by 2000 almost all of the SST reports have an associated flag. Figure 2h shows the extent to which the SST metadata are available from only one source, or, for those reports with information from both Pub. 47 and the SI flag, it shows the extent to which the metadata disagree.
As the Pub. 47 metadata are applied to all reports for individual ships in a particular period (either year or quarter), changing measurement practice, from one observation to the next, cannot be accounted for. For example, some ships may usually make bucket reports of SST but in poor weather or busy periods may report the engine-room-intake SST. While unavailable from Pub. 47, this information on variable observing practices can be accounted for using the ICOADS SI flag. Starting around 1995 (Fig. 2h) there is an increase from around 20% to 40%-50% in the proportion of reports for which the metadata disagree. This coincides with the introduction in 1995 of multiple fields in Pub. 47 for SST (and other) sensors (see Table 1 ). As there was no instruction as to how to designate different sensors as "sensor 1" and "sensor 2," there is no guarantee that the most commonly used sensor is designated as sensor 1. This is particularly important for SST, as the sensors are usually of different types. For temperature and humidity the sensors are usually the same but located on different sides of the ship to ensure good exposure from at least one sensor. Despite these problems there is useful information in the Pub. 47 SST metadata (Kent and Taylor 2006; Kent and Kaplan 2006) .
In addition to these problems with Pub. 47 metadata and with the ICOADS metadata (section 2b), it should be noted that the Lloyd's metadata can also contain errors. An example of this was the one ship in ICOADS identified as a barge using the Lloyd's metadata. The ship dimensions seemed too large for a barge, and an Internet search revealed photographs that showed that the vessel was actually a container ship. It is expected, however, that the metadata from all these sources are largely correct and when taken for ICOADS as a whole improve our understanding of the characteristics of the ships making the observations. Furthermore, overlaps between the metadata sources (e.g., between Lloyd's and Pub. 47) may allow further cross-validation in the future.
An important new development is that a subset of WMO Pub. 47 metadata has been made available blended with ICOADS individual observations, initially for the period 1973-2005. After the individual ICOADS observations were matched by ship call sign with the Pub. 47 metadata for the concurrent or following edition as described above, the selected and edited metadata were stored in a new attachment to the International Maritime Meteorological Archive (IMMA) format (Woodruff 2005) . This makes readily available to other researchers both the selected Pub. 47 metadata and ICOADS observations.
Measurement heights a. Air temperature
It is important to adjust air temperature observations before analysis to a standard reference height, usually 10 m (Rayner et al. 2003) . (Surface pressure observations, in contrast, should have been adjusted for height before transmission or entry into the logbook.) No information on measurement height is available in ICOADS, so we rely on information in Pub. 47. The field for thermometer height was introduced in 2002; before this time it is necessary to use proxy information to estimate the measurement height for air temperature. Table 1 shows that the first height field to be included is the "platform height," available from 1968 to 1994. In 1995 this was replaced by the "barometer height," and in 2002 the "thermometer height" was introduced. Figure 3 shows a time series of global average ICOADS temperature measurement height using Pub. 47 metadata. The periods of availability of each of the three different estimates of temperature measurement height are indicated, and no discontinuities are apparent. If the barometer and screen or psychrometer are all in the bridge and the visual observation of sea state is made from a protruding bridge wing, then all the measurement heights should be similar. On some ships with remote readouts the air temperature sensor may be on top of the bridge (perhaps 2-3 m above a barometer located on the bridge), whereas for ships with research quality installations the sensor may be on a mast (perhaps 10 m higher than the bridge location). Remotely read sensors, and hence the ability to have sensors at a variety of different heights and away from the bridge, have become more common over time. Inspection of the Pub. 47 metadata for October-December 2004 showed that for 88% of the 746 ships reporting both barometer height and air temperature measurement height the two heights were within 1 m of each other. For 95% of these ships the heights were within 2 m. Overall, the mean difference (air temperature measurement height Ϫ barometer height) was 0.1 m, with a standard deviation of 1.4 m. The sensitivity of air temperature to measurement height is approximately 0.01°C m Ϫ1 , so the use of different air temperature measurement height estimates in different periods is not ideal but for most ships should not cause large biases. Global mean air temperature measurement height Fig. 3 , we see that the measurement heights have increased over the period 1970-2004, but we can also see significant spatial variations. The largest measurement heights are seen in the midoceans and major shipping lanes. High-latitude northern regions show extremely low measurement heights. Figure 5 shows the distribution with latitude of different types of VOS in the period [2000] [2001] [2002] . Container ships are widely distributed and are the most common contributors of VOS reports. Also widely distributed are reports from general cargo ships, liquid/gas tankers, bulk carriers and ro-ro (roll-on, roll-off), and refrigerated ships. Research vessels make up a significant contribution to observations in the high northern latitudes and dominate south of 30°S. Fishing vessels and trawlers also make strong contributions in the high latitudes, influencing the relatively low measurement heights in these regions (Fig. 4) . Ships of unknown or other (relatively uncommon) types make a significant contribution to the VOS reports at all latitudes, but particularly in the northern high latitudes (Fig. 4) . and in the northern high latitudes, where mean ship lengths are below 100 m. Figure 7 shows the relationship between ship length and air temperature measurement height in ICOADS using Pub. 47 and Lloyd's metadata. Longer ships tend to measure air temperature at greater heights, but there is significant variation. The ships reporting in ICOADS between 1980 and 2002 that we can identify are fairly uniformly distributed in length between 50 and 300 m. Platform heights typically range from about 10 m to about 40 m, with a distribution that is more peaked than that of the ship lengths. The ellipses plotted in Fig. 7 show diagrammatically the typical variation of platform height with ship length. Figure 8 shows the relationship between ship length and platform height separately for the most frequently reporting VOS types in ICOADS. The platform height and ship lengths vary significantly among the ship types (Table 3) . Container ships, liquid tankers, bulk carriers, and gas tankers are the largest ships, typically more than 200 m long. Research vessels, fishing vessels, trawlers, tugs, support vessels, tenders, Coast Guard vessels, and yachts are all typically less than 100 m long.
There is a reasonable correspondence between ship length and platform height, with larger ships typically measuring at greater heights. The increase over time in mean measurement height (Fig. 3 ) is most likely due to an increase in ship size rather than an increase in measurement height on ships of a given size (not shown). There are differences in the ship length-platform height relationship between different ship types. The smallest ships (research vessels, fishing vessels, and trawlers) tend to have the greatest relative measurement heights (Fig. 8 , Table 5 ). Information on the ship type and size, where available from Lloyd's, should allow an improved estimate of platform height for VOS without entries in Pub. 47. Figure 9a shows the numbers of ICOADS ship reports with and without Pub. 47 measurement height information. For reports lacking the Pub. 47 information, it also shows those with ship length and type available from Lloyd's metadata. For these ships it will be possible to improve on simple default estimates of measurement height based only on platform type (e.g., as used by Josey et al. 1999 ) using the ship length and type and the relationships shown in Fig. 8 . Information on the height of air temperature measurement is important for removing bias in the air temperature observations, but other sources of bias remain. Air temperatures measured on board ship are known to be biased warm by solar radiative heating of the ship's environment (e.g., Folland 1971; Kent et al. 1993b ), often leading to the exclusion of daytime observations from gridded datasets (e.g., Rayner et al. 2003) . Recently Berry et al. (2004) developed a model to correct these biases. Berry and Kent (2005) showed that biases are larger when the air temperature screen is poorly exposed and the airflow past the sensor is restricted.
b. Wind speed
Wind speeds reported by the VOS are either measured using an anemometer or estimated from the sea state, usually according to the preference of the country recruiting the VOS [see Thomas et al. (2005) for more information on VOS wind measurement]. The WI metadata field (section 2b) within ICOADS indicates (if available) whether the wind speed is measured or visually observed. For anemometer winds the true wind speed must be calculated on board ship from the measured wind speed and direction and the ship's speed, direction, and heading. It should be noted that on board the ship instantaneous values of the ship motion parameters are used rather than the reported values of ship speed and course made good over last 3 h. There is evidence that the calculation of true wind is sometimes not performed correctly (Kent et al. 1993a; Gulev 1999; Smith et al. 1999) . The anemometer wind speeds also need to be adjusted for the height of measurement to remove inhomogeneity (Cardone et al. 1990 ; Thomas et al. 2005) . The height adjustment of VOS wind speeds has been problematic over the years. Dobson (1981) , in a report commissioned by the WMO, recommended that true wind speeds [calculated from ship-relative wind speed and direction using the ship's speed, course and heading (e.g., Smith et al. 1999) ] be reported or transmitted by the ship without adjustment to account for measurement height on board the ship. He also recommended that additional supplementary information should be collected to allow for adjustment for both height and flow distortion by the end user using the best estimates of biases available at the time. However, a subsequent WMO report (Shearman and Zelenko 1989 ) recommended a method for reducing the measured wind speed to a 10-m reference height "at the time of observation or soon after." WMO policy has apparently been that a wind speed adjusted to 10-m height should be reported by the ship; however, the status and date of introduction of the policy is unclear. The policy may have been introduced (or just recommended) in 1946: "The Committee recommends that the standard height for which the surface wind speed is given in the coded reports should be 10 meters" (International Meteorological Committee 1946) . It is noted by WMO (1983) that marine anemometers should be mounted as high as possible to avoid undue influence of the platform on the local wind structure. Further, wind measurements (V h , at height h) should be adjusted to the equivalent at a nominal height of 10 m (V 10 ) using an acceptable profile formula. The log profile formula [V 10 ϭ V h (10/h) x ; x ϭ 0.13] was noted as having found wide acceptance. Shearman and Zelenko (1989) mended the use of a neutral profile and provided tables of reduction factors as a function of wind speed and measurement height. However, there is little evidence that this policy of adjustment to 10-m nominal height was widely adopted. The WMO Manual on Codes (e.g., WMO 1995) has not specified a standard of 10-m height for the wind speed (element ff) in its description of the SHIP code (currently FM 13). The U.K. (Met Office 1977 and U.S. national instructions (NOAA/NWS 2004), for example, do not contain information on height adjustment of anemometer-measured winds. Thomas et al. (2005) showed that the largest source of inhomogeneity between VOS and buoy winds in the period 1980-95 is removed by adjusting both to 10-m height, assuming that no adjustment had been made on board ship.
In recent years many ships have started to use "electronic logbook" software that automatically codes reports and makes the true wind calculation. Various versions are available; TurboWin from the Royal Netherlands Meteorological Institute (KNMI) is widely used by European VOS; the U.S. VOS Program produced a combined program for safety and meteorological observations [Automated Mutual-Assistance Vessel Rescue (AMVER)/Shipboard Environmental data Acquisition System (SEAS)]; and OBSJMA was developed by the Japan Meteorological Agency. These systems will have reduced coding errors in the VOS reports and also errors due to the miscalculation of true winds. However, TurboWin, during a software upgrade, implemented the WMO directive on height adjustment. Adjustment to 10 m was implemented in versions 2.1.2-3.0 but was removed for version 3.5. More information is given in the history section of the TurboWin Web site (http://www.knmi.nl/onderzk/applied/turbowin/ turbowin.html). More recently, JCOMM (2005) endorsed a proposal from the Ship Observations Team (SOT) and Expert Team on Marine Climatology (ETMC) that, instead of the reduced wind at 10 m, the original wind data should always be reported in ship meteorological reports, including those generated by electronic logbooks. Figure 10 shows global distribution of the heights of ship anemometers identified in ICOADS in the periods 1970-79 and 1995-2004 (as in Fig. 4 for platform height). As for platform heights, the greatest measurement heights are in the midoceans on the major shipping routes. Figure 11 shows how the anemometer height varies with ship length for the most frequently reporting VOS types in ICOADS (as in Fig. 8 for plat- form height). The relationships are similar to those between ship length and platform height. Typically the measurement heights for wind speed and for air temperature are better correlated with each other than with the ship length (Table 4 ). Figure 9b shows the numbers of ICOADS ship wind speed reports with and without Pub. 47 anemometer height information. For those reports without anemometer height the availability of other sources of information is indicated, thus illustrating the extent to which unknown measurement heights can be estimated using either the platform height or the ship type and ship length. Information on ship type should also be important for flow distortion estimates for VOS (Moat et al. 2005 (Moat et al. , 2006a . Even anemometers that are sited with care on research vessels can show significant biases (Yelland et al. 2002) . Comparisons of wind speeds measured on VOS and moored buoys showed biases that varied with ship type (Thomas et al. 2005) , but more work is needed to quantify these effects.
c. Sea surface temperature
The measurement depth for SST sensors was first included as a field in 1995 (Table 1 ). The depth of measurement applies only to observations made using fixed sensors, such as engine room intake or hull sensors, rather than to observations made using a bucket (Kent and Taylor 2006) . Average depths of SST measurement for different types of VOS are given in Table  5 , and the extent to which depth metadata are available is illustrated in Fig. 9c . The depth of measurement is related to the ship size. Bulk carriers, vehicle carriers, gas tankers, and livestock carriers typically measure SST at 7-m depth or more. Research vessels, fishing vessels, trawlers, support vessels, Coast Guard, and sailing vessels all typically measure SST at 4-m depth or less. Figure 12 shows the mean SST measurement depth on a 10°area grid for all SST observations with known measurement depth. SST is typically measured at For anemometer measurements only, different shadings indicate that height is unknown, or the sources of measurement height information (in order of preference): anemometer height from Pub. 47, estimated from platform height from Pub. 47, or estimated from ship type and length from Lloyd's metadata. (c) SST: observations with known measurement depth (light shading), or known to be made using buckets (medium shading) (Pub. 47 measurement depth metadata are not applicable to bucket measurements), or of unknown measurement method (dark shading). The unshaded region indicates observations for which depth information is known to be needed but is unavailable.
greater depths in the Pacific than in the Atlantic. The effect of measurement depth on VOS SST is still unclear. James and Fox (1972) show that VOS SST observations have an increasing warm bias with increasing measurement depth, but that this is related to an increasing distance inboard of the temperature measurement location. Kent and Taylor (2006) review the literature on the causes of error in VOS SST.
Summary
We rely on meteorological reports from VOS for our understanding of multidecadal climate change over the ocean. The types of ship, the instruments used, and heights of measurement have changed over the years and since 1955 have been documented in WMO Pub. 47. Following a review of the past scientific usage of these metadata (section 1), we have documented the various types of information that are available in Pub. 47 over time (Tables 1 and 2 ), thus bringing together critical documentation that is not readily available. Major changes to Pub. 47 were made in 1995 and 2002. The height of the observing platform was first introduced in 1968, and anemometer height in 1970. The number of fields of information available has increased over the years, and since 2002 information on instrument locations has been available that may allow assessments of instrument exposure and airflow distortion (Dobson 1981; Moat et al. 2006a,b) .
Pub. 47 allows the determination of measurement heights (or depths) for many of the VOS observations in ICOADS since 1970 ICOADS since (1995 . Prior to about 1985, ability to match ICOADS VOS reports to Pub. 47 metadata becomes increasingly limited by the lack of call sign information in ICOADS. After this time the match rate is good, but the number of VOS reports declines steadily. The metadata show that the methods used by the VOS are changing over time: more air temperature observations are being made with psychrometers rather than screens; hull sensors are replacing buckets for the measurement of SST; digital barometers, electric thermometers, and humidity sensors are becoming more common. The heights at which air temperature and anemometer-derived wind speed are measured are increasing over time and show strong spatial variations. Air temperature observations need to be adjusted to a standard measurement height for analysis (Rayner et al. 2003) . Failure to do this would introduce small but significant trends into the recent marine air temperature record. Pub. 47 metadata will allow adjust- ment of anemometer-derived wind speeds to the standard reference level of 10 m, thereby reducing artificial trends in marine wind speeds (Cardone et al. 1990 ).
Since 1995 we have some information on SST measurement depth. Although data volume is small there are significant spatial variations in measurement depth, and it may be possible to derive improved SST fields using this information. Information on the types of ship making observations from Pub. 47 or from Lloyd's metadata should in the future lead to improved information on airflow distortion over VOS (Thomas et al. 2005; Moat et al. 2005 ).
In the absence of measurement height information from Pub. 47 it is possible to make estimates of measurement heights for air temperature measurement and anemometer-derived wind speed where ship type and length information is available from Lloyd's metadata (Table 4) . Knowledge of the ship type alone allows an improved estimate of either measurement height to be made (Table 3) and, where available, represents an improvement over the use of a single default value for all ships. Whether to use these approximations to measurement height, and whether to exclude observations of unknown measurement height, will depend on the particular research application. Availability in readily usable digital form of Pub. 47 metadata back to 1955, and prospects for improved integration and cross-validation of these and other (e.g., Lloyd's proprietary) metadata with ICOADS observations, should help improve the quality and reliability of ICOADS. However, matching the earlier Pub. 47 metadata to ICOADS observations is challenging, owing to the lack of call sign information in the reported obser- vations prior to the earliest surviving telecommunicated data (c. 1966) . Efforts have also begun through JCOMM to archive metadata similar to Pub. 47 for fixed ocean platforms, buoys, and other automated ODAS. While the rescue of historical ODAS metadata appears to be a large and uncertain undertaking, all these efforts hold the potential to further improve the homogeneity of ICOADS and, as they come to fruition, benefit many avenues of climate and other research.
